Extract ent with the interpretation that there has been an alteration of
The widespread use of phototherapy for neonatal hyperbilirubinemia has caused some concern since substances other than bilirubin may be photoactivated. The toxic properties of these photoactivated substances might prove to be more harmful to the neonatal infant than bilirubin. The purpose of the present study was t o investigate the effect of photoactivated riboflavin in low concentration, on purified DNA. The results demonstrate extensive changes in the structure of DNA (see Table 1 ) manifested by (1) a change in the peak absorbance in the ultraviolet, (2) a decrease in the temperature of the thermal helix-coil transition, (3) a slight decrease in the sedimentation coefficient, and (4) an increase in the buoyant density values (1.704-1.709). These observations are consistone of the base moieties with minimal cleavage of the phosphodiester linkages. Results with human cells in tissue culture indicate that a similar photodynamic effect of riboflavin on the DNA occurs in living cells.
Speculation
In view of the known relation between the ability of a variety of agents to modify DNA on the one hand and the potential to induce mutation and cancer on the other, the present results suggest that riboflavin supplementation as an adjunct to phototherapy for hyperbilirubinemia requires more thorough evaluation.
Recent discussions on the ability of riboflavin to potentiate the effect of phototherapy in neonatal hyperbiliribinemia has led t o the suggestion that riboflavin be administered as a therapeutic adjunct to high intensity illumination in the jaundiced neonate (3, 7, 12, 16) . This notion derives from a number of observations: (I) the finding that riboflavin enhances the rate of bilirubin photodecomposition in vitro and possibly in vivo (3, 7, 12) ; (2) the fact that serum riboflavin in neonates undergoing phototherapy is often reduced to low levels (16); ( 3 ) the observation that low doses of riboflavin increase glutathione reduciase activity (2, 16) and that such activity might lead t o stabilization of the erythrocyte membrane and limit further hemolysis (16) .
Some recent investigations to determine the photodynamic effect of riboflavin in low concentration on DNA have caused us to question the safety of riboflavin supplementation to neonates undergoing phototherapy, and to approach this question by use of in vitro models.
MATERIALS AND METHODS

MATERIALS
Calf thymus DNA was obtained from Miles Laboratories, deoxyribonucleosides from Schwarz-Mann, Inc., and riboflavin from Sigma Chemical Co.
LIGHT SOURCE A special phototherapy unit was constructed for these experiments. The unit is protected from direct sunlight and $ir cooled t o maintain samples at room temperature (23 ) . Illumination was provided by 3 special high energy blue lamps (Westinghouse F 20T 12-BB) and the sample distance from the light source was adjusted to maintain a constant irradiance of 1.7 mw/cm2 between 415 and 465 nm (19) .
PHYSICAL CHEMICAL MEASUREMENTS
Sedimentation coefficients were determined in a Spinco model E analytical ultracentrifuge equipped with an ultraviolet optical system (20) . Solutions of DNA (30 pg/ml) were spun at 50,740 rpm and pictures taken at 2-min intervals. The photographs were traced with a Joyce-Loebl Mark 111 B microdensitometer and sedimentation coefficients were calculated by a modification (10) of the procedure of Schachman (13) .
The banding properties of DNA in gradients of cesium chloride were determined as described by Schildkraut et al. (14) . .Portions of the DNA together with a reference sample (Micrococcus lysodeikticus DNA, 1.73 1 g/cm3) were placed in a CsCl solution (density 1.70 g/cm3) and centrifuged at 44,770 rpm for 24 hr. The bands formed,by the specimens at their equilibrium positions were photogriphed and traced as above (20) .
Thermal helix-coil transition profiles were measured with a Beckman DU spectrophotometer according to the manner described b y Marmur and D o t y (8) . T h e midpoint of t h e thermal transition (T,) was used to characterize the samples.
Spectra were determined in a Cary spectrophotometer, readings at selected wavelengths were checked with a Beckman DU spectrophotometer.
TREATMENT O F SPECIMENS
Calf thymus DNA (1 mg/ml 0.015 M NaCl containing 0.0015 M sodium citrate) solutions were supplemented with various amounts of riboflavin. A portion of each sample was kept in the dark (control) while the other was illuminated. Immediately after irradiation the samples were precipitated with 2 volumes of ethanol, washed thoroughly with ethanol, drained dissolved. in 0.01 5 M NaCl containing 0.001 5 M sodium citrate, and processed for physical chemical analyses.
EXPERIMENTS WITH CELLS IN TISSUE CULTURE
HeLa cells were grown as monolayers (4 X lo6 cells/bottle) in Eagle's minimal essential medium containing glutamine and 10% calf serum. The cells were washed, supplemented with fresh medium and with [ 3~] t h y m i d i n e (6 pCi/ml), and incubation was continued for 4 hr. The monolayers were then washed and fresh medium was added. Some of the cultures received riboflavin (25 pglml) and they were incubated in the dark for 30 min t o permit uptake of the vitamin. The cells were then washed with phosphate-buffered saline and bathed in this medium. The cells that had been exposed previously t o riboflavin again received this supplement. One set of cultures was irradiated (1 hr) while their companions were kept nearby in the dark. The cells were washed with phosphate-buffered saline, removed from the surface of the plastic bottle with trypsin, harvested by centrifugation, and resuspended in 0.15 M NaCl containing 0.015 M sodium citrate. The cells were lysed with sodium lauryl sulfate and proteins removed by deproteinization with phenol. Portions of the 3~-labeled nucleic acids were layered on top of a linear alkaline sucrose gradient (5520% in 0.01 N NaOH) which was superimposed upon a cushion of 50% sucrose. The gradients were spun for 2 hr at 84,000 X g and fractions were collected from the bottom. Radioactivity present in the fractions was determined by precipitation with 5% trichloroacetic acid, collection on filter discs and counting in a liquid scintillation spectrometer ( 1 1).
RESULTS
Illumination of DNA in the presence of 1.33 X l o 4 M riboflavin resulted in a decreased absorption in the ultraviolet; this was accompanied by a shift of the absorption maximum from 257.5 to 260 nm (Fig. 1) . Such effects did not occur upon exposure of DNA to riboflavin in the dark. These spectral changes were accompanied by alterations in the physical chemical properties of the DNA. Thus the temperatures of the helix-to-coil transition was lowered. This change is a function of the vitamin concentration (Table 1) . When a riboflavin concentration of 1.33 X M was used the DNA behaved as though it had been denatured. In addition the banding properties of DNA in cesium chloride appeared to be Irradiation of the four usual deoxynucleosides under similar conditions revealed that only deoxyguanosine was altered (Fig.  3 , see also Reference 6).
The DNA isolated from human (HeLa) cells that were irradiated in the presence of riboflavin (25 pgj'ml) exhibited a diminution in molecular size as evidenced by its slower rate of migration in an alkaline sucrose gradient (Fig. 4) . DNA of cells irradiated in the absence of added riboflavin or exposed to riboflavin in the dark did not show this decrease in sedimentation rate.
DISCUSSION
These results indicate that illumination of DNA in the presence of riboflavin results in significant alterations of the physicochemical properties of this biopolymer. The findings are consistent with a specific photodegradation of the guanine moiety (see also reference 6). This is supported by the following.
1. Of the four usual bases in DNA, guanine is the one with the absorption maximum at the lowest wavelength (256.5 nm) (I), therefore, selective destruction of the guanine would shift the maximum to the higher wavelengths (this was actually observed (Fig. 1)) . Moreover, it was reported earlier that apurinic acid (DNA from which guanine and adenine had been removed) also exhibited an increase in the absorption maximum (1 8).
2. The temperature of T,, the midpoint of the thermal denaturation profile, is correlated with the guanine-cytosine content of the DNA (8) . Hence selective destruction of guanine residues results in decreased T, values. It is of interest that methylene blue also causes the photodegradation of guanine residues in DNA and that this also results in a lowering of Tm (15) . The observation that irradiation of DNA in the presence of 1.3 X M riboflavin resulted in a significant increase in buoyant density is puzzling. It cannot be determined at the present time whether a selective degradation of the guanine residue should result in a decrease or increase in buoyant density. The buoyant density of DNA is a function of the guanine-cytosine (G-C) content (14); DNA's rich in guaninecytosine have high buoyant densities. However, when the guanine moiety is selectively altered, even when it is completely degraded, the corresponding cytosine residue is still present (albeit unpaired) and this may cause an increase in buoyant density. Further studies of the chemical nature of the riboflavin-induced photoreaction with DNA will be required to elucidate this point. At the present time it may be stated that the increase in buoyant density is not the result of extensive denaturation, as the treated DNA still exhibits thermoal denaturation, although at a reduced temperature (65.4 ). Untreated DNA, on the other hand, exhibits an increase in buoyant density of 0.0 17 g/cm3 upon denaturation (Table 1 and Reference 4). The extensive changes in spectra, thermal helix-coil transitions, and buoyant densities are not accompanied by c o r r e s p o n d i n g large changes in s e d i m e n t a t i o n c o e f f i c i e n t s (i.e., molecular weights). The DNA specimen that showed the increase in buoyant density with retention o f the doublestranded structure still had a narrow band in CsCl (Fig. 2 ), which i n d i c a t e d a h i g h molecular weight (9); its sedimentation c o e f f i c i e n t (Table 1 ) c a n be interpretated (5) as i n d i c a t i n g , at most, only a h a l v i n g o f the m o l e c u l a r weight. These f i n d i n g s suggest that scission of the phosphodiester bonds which maintain the integrity o f the d o u b l e -s t r a n d e d DNA structure does not accompany the drastic chemical and structural changes in DNA. I f the same riboflavin-induced e v e n t s were to occur in vivo as well, then it c a n be p r e d i c t e d that riboflavin should be a very e f f i c i e n t mutagen a s it would be devoid o f the largely i n a c t i v a t i n g e f f e c t s w h i c h a r e associated with cleavage o f p h o s p h o d i e s t e r linkages a n d which r e d u c e the efficiency o f mutagenic ( a n d possibly carcinogenic) events. In view o f the p r o b a b i l i t y t h a t the reaction described herein also occurs in vivo a n d b e c a u s e o f the known relation between ability to i n d u c e g e n e t i c and o n c o g e n i c effects, it is suggested t h a t f u r t h e r studies be u n d e r t a k e n b e f o r e riboflavin administration is used a s an a d j u n c t to p h o t o t h e r a p y .
SUMMARY
Irradiation o f purified DNA with blue light in t h e p r e s e n c e of physiologic levels o f riboflavin resulted in alterations o f the p h y s i c o c h e m i c a l properties of this biopolymer. The c h a n g e s are c o n s i s t e n t with a primary photochemical effect on the guanine moiety o f DNA. Results a r e also presented which suggest that these changes also occur in the DNA of living cells exposed to light in the presence o f low levels o f riboflavin.
